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HIGHLIGHTS 


•  High  performance  air  electrode  is  fabricated  by  nano-catalyst  infiltration. 

•  Homogeneous  nano-catalysts  are  formed  by  urea  decomposition. 

•  Surface  chemical  exchange  is  accelerated  by  nano-catalysts. 

•  Performance  is  improved  for  power  generation  and  hydrogen  production. 

•  Nano-catalysts  are  stable  against  coarsening  at  high  temperatures. 
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A  high  performance  air  electrode  fabricated  by  infiltration  of  highly  active  nano-catalysts  into  a  porous 
scaffold  is  demonstrated  for  high-temperature  solid  oxide  regenerative  fuel  cells  (SORFCs).  The  nitrate 
precursor  solution  for  Smo.sSro.sCoOs  (SSC)  catalyst  is  impregnated  into  a  porous  Lao.6Sro.4Coo.2Feo.sO3 
(LSCF)-gadolinia-doped  ceria  (GDC)  composite  backbone,  and  extremely  fine  SSC  nano-particles  are 
uniformly  synthesized  by  in-situ  crystallization  at  the  initial  stage  of  SORFC  operation  via  homogeneous 
nucleation  induced  by  urea  decomposition.  The  SSC  nano-catalysts  are  in  the  size  range  of  40-80  nm  and 
stable  against  coarsening  upon  the  SORFC  operation  at  750  °C.  The  electrochemical  performance  is 
significantly  improved  by  incorporation  of  SSC  nano-catalysts  in  both  power  generation  and  hydrogen 
production  modes.  Systematic  analysis  on  the  impedance  spectra  reveals  that  the  surface  modification  of 
the  air  electrode  with  nano-catalysts  remarkably  accelerates  the  chemical  surface  exchange  reactions  for 
both  O2  reduction  and  O2-  oxidation,  which  are  the  major  limiting  processes  for  SORFC  performance. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  recent  years,  solid  oxide  regenerative  fuel  cell  (SORFC)  tech¬ 
nology  has  attracted  increasing  attention  for  development  of  a 
highly-efficient  energy  conversion  and  storage  system  because  a 
single  SORFC  unit  can  perform  the  dual  functions  of  a  solid  oxide 
fuel  cell  (SOFC)  and  solid  oxide  electrolysis  cell  (SOEC)  [1,2]. 
Although  the  overall  SOEC  reaction  for  hydrogen  production  is 
simply  the  reverse  of  the  SOFC  reaction  for  power  generation,  there 
are  fundamental  differences  in  two  operating  modes,  such  as  the 
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mass  flux,  heat  flow,  electric  potential  and  gas  environments,  which 
strongly  influence  the  performance  and  system  efficiency.  It  is 
generally  accepted  that  the  performance  of  an  SOEC  is  inferior  to 
that  of  an  SOFC  3],  and  in  particular,  the  polarization  loss  occurring 
at  the  air  electrode  dominates  the  overall  performance  [4].  It  was 
reported  that  the  surface  chemical  exchange  is  the  major  rate 
limiting  process  for  the  conventional  mixed  ionic-electronic  con¬ 
ducting  (MIEC)  air  electrodes  [5],  which  emphasizes  the  need  of 
improved  electrode  materials  and/or  structures  with  enhanced 
electrocatalytic  activity  toward  O2  reduction  and  O2-  oxidation  for 
a  successful  development  of  SORFC  technology.  Although  extensive 
research  efforts  have  been  devoted  to  reduction  of  the  polarization 
loss  of  the  air  electrode,  satisfactory  materials  and  structures  for 
SORFC  still  remain  elusive. 
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Among  the  number  of  advanced  electrode  materials  proposed  to 
date,  Sm0.5Sr0.5CoO3  (SSC)  exhibits  an  excellent  surface  oxygen 
exchange  rate,  electrical  conductivity  and  bulk  oxygen  ion  diffusion 
coefficient  [6-8].  However,  its  practical  application  as  a  porous 
electrode  has  been  limited  due  to  the  lack  of  the  thermal  compat¬ 
ibility  and  high  cost;  i.e.,  the  large  thermal  expansion  coefficient  of 
SSC  (20  x  10  6  K^1)  makes  it  extremely  difficult  to  secure  a  stable 
interface  with  other  cell  components  in  a  multi-layer  structure 
during  fabrication,  operation,  and  thermal  cycles  [9,10],  and  the  use 
of  samarium  in  large  scale  is  undesirable  due  to  its  high  cost  [11]. 
These  technical  challenges  can  be  overcome  and  the  merits  of  SSC 
can  be  efficiently  utilized  by  incorporating  a  small  amount  of  SSC 
catalyst  into  the  stable  porous  scaffold  in  the  form  of  nano¬ 
particles.  As  it  is  extremely  difficult  to  infiltrate  and  uniformly 
distribute  the  pre-synthesized  nano-particles  inside  the  porous 
scaffold  with  submicron-scale  pores,  it  is  preferable  to  inject  a 
precursor  solution  into  the  pores  and  then  thermally  treat  to  form 
the  desired  phase  through  precipitation  and  decomposition  of 
metal  salts.  In  typical  solution  impregnation  techniques,  the  con¬ 
centration  of  nano-particles  is  higher  near  the  exposed  surface 
because  the  precipitation  of  metal  salts  is  induced  by  drying  pro¬ 
cess  12].  Such  segregation  may  disrupt  the  effectiveness  of  nano¬ 
catalyst  incorporation  because  the  electrochemical  reaction  pre¬ 
dominantly  occurs  near  the  electrode-electrolyte  interface.  In  this 
work,  advanced  infiltration  and  in-situ  crystallization  technique, 
where  precipitation  occurs  via  homogeneous  nucleation  induced 
by  urea  decomposition,  was  developed  to  obtain  uniform  distri¬ 
bution  of  SSC  nano-catalysts  throughout  the  porous  Lao.6Sr0.4_ 
Coo.2Feo.8O3  (LSCF)-gadolinia-doped  ceria  (GDC)  composite  air 
electrode.  The  phase  formation,  morphology  and  distribution  of 
nano-catalysts  were  investigated  in  the  urea  decomposition  tech¬ 
nique.  The  electrochemical  performance  and  stability  were  evalu¬ 
ated  in  SORFC  operation,  and  the  effect  of  nano-catalyst 
incorporation  on  the  electrode  reaction  kinetics  and  overall  per¬ 
formance  of  SORFC  was  discussed  in  detail. 

2.  Experimental 

For  fabrication  of  hydrogen  electrode  substrate,  NiO,  yttria- 
stabilized  zirconia  (YSZ),  and  a  poly(methyl  methacrylate) 
(PMMA)  pore-forming  agent  were  mixed  via  ball-milling  for  24  h  in 
ethanol  with  a  dispersant,  binder  and  plasticizer,  and  granules  were 
obtained  by  spray  drying.  A  NiO,  YSZ,  and  PMMA  volume  ratio  was 
0.37:0.33:0.3.  The  substrates  (2  cm  x  2  cm)  were  fabricated  by  the 
uni-axial  pressing  of  the  granules  at  60  MPa.  The  slurries  for  the 
hydrogen  electrode  functional  layer  (NiO/YSZ),  electrolyte  (YSZ), 
interdiffusion  barrier  layer  (GDC),  air  electrode  functional  layer 
(LSCF  +  GDC),  and  air  electrode  current-collecting  layer  (LSCF) 
were  prepared  by  mixing  ceramic  powders  with  a  dispersant, 
binder,  and  plasticizer  in  a-terpineol  using  a  planetary  mill  for  the 
subsequent  screen-printing.  The  hydrogen  electrode  functional 
layer  and  electrolyte  were  screen  printed  sequentially,  followed  by 
co-sintering  at  1370  °C.  The  GDC  interdiffusion  barrier  layer  was 
screen-printed  on  top  of  the  co-sintered  YSZ  electrolyte  and  fired  at 
1250  °C.  Next,  the  LSCF-GDC  air  electrode  functional  layer  and 
LSCF  current-collecting  layer  were  screen-printed  and  sintered  at 
1050  °C  in  air.  The  effective  electrode  area  was  1  cm  x  1  cm.  Details 
on  the  cell  fabrication  procedure  is  described  in  our  previous 
publication  [13]. 

A  1  mol  L-1  SSC  precursor  solution  was  prepared  by  mixing 
Sm(N03)3-6H20,  Sr(N03)2,  Co(N03)2-6H20  and  urea  in  a  solvent 
composed  of  water  and  ethanol.  The  [urea]/[cation]  ratio  was  10, 
and  the  [water]/[ethanol]  volume  ratio  of  the  solvent  was  1.7. 
Infiltration  was  performed  using  a  micro-syringe,  followed  by 
thermal  treatment  at  80  °C  for  2  h.  The  infiltration  and  thermal 


treatment  steps  were  repeated  3  times  before  in-situ  crystallization 
at  800  °C  in  cell  operation.  In  a  separate  experiment,  the  crystalli¬ 
zation  behavior  of  SSC  and  its  chemical  compatibility  with  LSCF  was 
investigated  by  dispersing  LSCF  powder  in  the  SSC  precursor  so¬ 
lution,  thermally  treating  it  at  80  °C  for  2  h  and  800  °C  for  72  h,  and 
examining  the  crystal  structure  of  the  resulting  powder  using  X-ray 
diffraction  (XRD). 

The  cells  were  tested  with  humidified  H2  containing  3—50%  H20 
on  the  hydrogen  electrode  and  air  on  the  air  electrode  between  700 
and  800  °C  for  both  power  generation  and  hydrogen  production 
modes.  The  gas  flow  rates  were  fixed  at  200  seem  for  both  elec¬ 
trodes.  Electrochemical  characterization  was  performed  using  a 
Solartron  1260/1287  frequency  response  analyzer  and  potentiostat. 
Current  collection  was  made  using  Pt  mesh  on  the  air  electrode  and 
Ni  foam  on  the  fuel  electrode.  No  current  collection  paste  was  used. 
After  testing,  the  cells  were  sectioned  and  parts  of  the  cells  were 
impregnated  with  epoxy  in  a  vacuum.  After  the  epoxy  had  hard¬ 
ened,  the  samples  were  polished  down  to  0.25  pm.  The  cross- 
sections  of  the  fractured  and  polished  surfaces  were  examined 
using  scanning  electron  microscopy  (SEM). 

3.  Results  and  discussion 

In  infiltration  process  for  synthesizing  the  ceramic  nano¬ 
catalysts,  the  processing  temperature  required  for  formation  of 
the  desired  crystal  structure  plays  a  critical  role  in  the  size  and 
morphology  of  the  nano-particles.  In  SORFC  applications,  it  is 
desirable  to  crystallize  the  nano-catalysts  at  the  temperatures  not 
substantially  higher  than  the  operating  temperature  because  it 
enables  the  simple  in-situ  crystallization  process  during  operation 
and  prevents  the  excessive  particle  growth  and  unwanted  chemical 
interactions.  In  Fig.  1,  the  phase  formation  of  SSC  nano-catalysts  and 
their  chemical  compatibility  with  LSCF  backbone  are  examined  at 
800  °C  via  XRD  analysis.  In  this  experiment,  pre-synthesized  LSCF 
powder  was  dispersed  in  the  chemical  solution  containing  SSC 
nitrate  precursors  and  urea,  with  a  [urea]/[cation]  ratio  of  10.  Then, 
urea  decomposition  was  performed  at  80  °C,  followed  by  calcina¬ 
tion  at  800  °C  in  air.  The  phase  purity  of  the  resulting  SSC-LSCF 
composite  powder  was  examined  by  XRD.  All  of  the  major  peaks 
in  the  XRD  pattern  in  Fig.  1  are  identified  as  the  SSC  and  LSCF 
perovskite  structures,  and  secondary  phase  formation  is  not 
detected  within  the  instrument  sensitivity.  In  the  urea 


20  (Degree) 

Fig.  1.  XRD  pattern  of  the  SSC-LSCF  powder  mixture,  showing  the  crystallization 
behavior  of  SSC  derived  from  the  precursor  solution  and  its  chemical  compatibility 
with  LSCF  at  800  °C.  The  powder  mixture  was  prepared  by  dispersing  LSCF  powder  in 
the  SSC  precursor  solution  and  thermally  treating  it  at  80  °C  for  2  h  and  800  °C  for  72  h 
in  air. 
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decomposition  process,  crystallization  behavior  is  strongly  influ¬ 
enced  by  the  [urea]/[cation]  ratio  because  urea  serves  as  a  com- 
plexing  agent  as  well  as  a  precipitation  agent  [14].  Specifically,  urea 
complexes  with  metal  cations  upon  mixing  and  decomposes  upon 
heating  to  ~80  °C,  leading  to  the  slow  and  controlled  release  of 
ammonia  and  carbon  dioxide  into  the  solution  [15]: 

CO(H2N)2  +  3H20  -►  C02  +  2NH3  +  2H20  (1) 

As  a  consequence,  the  pH  of  the  solution  continuously  increases, 
and  the  steady  supply  of  OH"  and  CO3-  ions  induces  the  precipi¬ 
tation  of  metal  hydroxides  and  hydroxycarbonates,  which  act  as  the 
precursors  for  the  formation  of  the  desired  ceramic  phase  in  the 
subsequent  calcinations  process.  The  absence  of  the  un-reacted 
phases  in  Fig.  1  confirms  the  complete  phase  formation  of  perov- 
skite  SSC,  which  suggests  that  a  [urea]/[cation]  ratio  of  10  is  suffi¬ 
cient  for  crystallization  at  800  °C.  In  addition,  no  additional  reaction 
products  or  major  peak  shifts  are  observed  due  to  the  chemical 
interaction  with  LSCF,  which  indicates  that  the  SSC  nano-catalysts 
and  LSCF  backbone  are  chemically  compatible  at  the  processing 
and  operating  temperatures.  Therefore,  the  results  in  Fig.  1  imply 
that  in-situ  crystallization  is  viable  for  the  formation  of  the  SSC 
nano-catalysts  at  the  early  stage  of  the  SORFC  operation,  which 
simplifies  the  fabrication  process  and  avoids  the  coarsening  of 
the  nano-particles  due  to  the  exposure  to  excessively  high 
temperatures. 

The  microstructure  of  the  SORFC  used  in  this  study  is  displayed 
in  Fig.  2(a).  The  cell  is  composed  of  a  porous  Ni-YSZ  hydrogen 
electrode  substrate  ( ~  800  pm),  a  fine  and  porous  Ni-YSZ  hydrogen 
electrode  functional  layer  (~7  pm),  a  dense  YSZ  electrolyte 
(~8  pm),  a  partially  dense  GDC  interdiffusion  barrier  layer 
( ~  6  pm),  a  fine  and  porous  LSCF-GDC  air  electrode  functional  layer 
(~12  pm),  and  a  porous  LSCF  air  electrode  current  collecting  layer 
(~16  pm).  The  backscattered  electron  image  of  the  LSCF-GDC 
composite  air  electrode  in  Fig.  2(b)  discriminates  two  separate 
phases,  and  energy  dispersive  spectroscopic  analysis  reveals  that 
the  LSCF  is  gray  and  the  GDC  is  white.  Two  phases  are  mixed  ho¬ 
mogeneously  in  a  very  fine  scale  with  the  average  particle  diameter 
of  -  0.4  pm  for  both  LSCF  and  GDC.  The  volume  fraction  of  pores  and 
average  pore  diameter  are  ~28%  and  ~0.7  pm,  respectively,  based 
on  the  image  analysis.  Whereas  such  fine  microstructure  of  the  air 
electrode  is  beneficial  for  increasing  the  active  area  available  for  the 
electrochemical  reactions,  the  challenge  arises  in  impregnating  the 
solution  into  the  submicron-scale  pores,  which  emphasizes  the 
importance  of  the  wetting  properties  of  the  chemical  solution. 


While  water  is  an  excellent  solvent  for  most  metal  nitrate  pre¬ 
cursors  due  to  its  high  polarity,  the  aqueous  solution  exhibits 
inferior  wetting  properties  on  perovskite  electrodes  (e.g.,  LSCF)  and 
fluorite  electrolytes  (e.g.,  GDC)  due  to  the  high  surface  tension  of 
water  (72.0  mN  itT1  at  25  °C)  [11].  The  surface  tension  of  the 
aqueous  solution  can  be  reduced  by  adding  organic  solvents  with 
low  surface  tension  such  as  ethanol  (22.3  mN  m-1  at  25  °C),  acetone 
(23.7  mN  m-1  at  25  °C),  and  i-propanol  (21.7  mN  m-1  at  25  °C).  In 
this  study,  ethanol  was  chosen  as  a  co-solvent  considering  the 
surface  tension,  miscibility  with  water  and  boiling  temperature.  The 
infiltration  experiments  using  the  porous  LSCF-GDC  electrode 
confirmed  that  the  addition  of  ethanol  to  the  aqueous  solution 
remarkably  improves  the  wetting  characteristics.  In  particular,  a 
solvent  with  the  [water]/[ethanol]  volume  ratio  of  1.7  was  found  to 
be  adequate  for  balancing  the  capabilities  of  dissolving  the  nitrate 
precursors  and  penetrating  into  the  submicron-scale  pores.  Fig.  2(c) 
shows  the  SSC  nano-catalysts  formed  on  the  surface  of  the  porous 
LSCF-GDC  air  electrode  by  infiltration  of  the  chemical  solution  and 
in-situ  crystallization  at  800  °C  at  the  initial  stage  of  the  cell  oper¬ 
ation.  The  uniform  dispersion  of  the  primary  particles  across  the 
entire  air  electrode  as  shown  in  Fig.  2(c)  suggests  the  excellent 
wetting  properties  of  the  precursor  solution  on  both  LSCF  and  GDC 
because  poor  surface  wetting  would  create  the  liquid  beads, 
resulting  in  agglomerated  particulate  clusters  [11].  In  Fig.  3,  SSC 
infiltration  was  performed  with  the  precursor  solution  with  the 
[water]/[ethanol]  volume  ratio  of  3,  and  non-uniform  distribution  of 
the  nano-particles  is  observed  with  severe  agglomeration  due  to 
poor  wetting  properties.  The  diameter  of  the  SSC  nano-catalysts  is 
within  the  range  of  40-80  nm,  and  the  homogeneous  particle 
morphology  and  distribution  clearly  demonstrate  the  advantage  of 
the  urea  decomposition  technique  in  control  of  the  nucleation 
process.  In  precipitation  techniques,  formation  of  deposit  is  initiated 
when  the  solubility  limits  of  the  metal  cations  are  exceeded  by  the 
addition  of  the  ligand  into  the  precursor  solution.  Thus,  the  nucle¬ 
ation  and  growth  kinetics  of  the  precipitation  techniques  are 
controlled  by  the  release  rate  of  the  ligand.  Typically,  the  ligand  is 
directly  added  to  the  solution,  and  the  localized  introduction  of  the 
ligand  causes  a  rapid,  non-uniform  change  of  the  solution  concen¬ 
tration,  resulting  in  irregular  size  and  morphology  of  the  synthe¬ 
sized  particles.  In  contrast,  in  the  urea  decomposition  process,  urea 
is  pre-mixed  in  the  solution  and  slowly  decomposes  upon  heating 
to  ~80  °C,  uniformly  providing  the  ligand  throughout  the  solution 
to  initiate  homogeneous  precipitation.  Thus,  the  kinetics  of  the 
nano-particle  formation  are  well-controlled,  resulting  in  excellent 
homogeneity  in  size  and  morphology  of  the  nano-particles  as 
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Fig.  2.  SEM  images  of  (a)  the  cross-section  of  the  SORFC,  (b)  porous  LSCF-GDC  air  electrode  functional  layer  and  (c)  SSC  nano-catalysts  infiltrated  into  the  LSCF-GDC  air  electrode. 
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Fig.  3.  SEM  image  of  the  air  electrode  infiltrated  with  the  SSC  precursor  solution  with 
the  [water]/[ethanol]  volume  ratio  of  3. 


shown  in  Fig.  2(c).  The  uniform  distribution  of  the  nano-catalysts 
throughout  the  air  electrode  also  suggests  that  precipitation 
occurred  via  homogeneous  nucleation  induced  by  urea  decompo¬ 
sition  rather  than  the  evaporation  of  the  solvent.  If  the  formation  of 
deposit  is  initiated  by  drying  process  rather  than  the  urea  decom¬ 
position,  the  capillary  force  brings  the  precursor  solution  to  the 
surface  of  the  porous  matrix,  resulting  in  an  enrichment  of  the 
nano-particles  near  the  top  surface  of  the  electrode  [12].  In  addition, 
considering  that  the  SEM  images  in  Fig.  2  were  taken  after  the  cell 
test  for  ~300  h,  the  absence  of  abnormal  particle  growth  during 
that  period  of  operation  time  in  Fig.  2(c)  implies  the  thermal  sta¬ 
bility  of  the  SSC  nano-catalysts  against  coarsening  upon  the  SORFC 
operation  at  700-800  °C. 

The  electrochemical  performance  of  the  cell  infiltrated  with  the 
SSC  nano-catalysts  was  evaluated,  and  its  current  density-voltage 
( I—V)  curves  and  corresponding  power  densities  are  compared  with 
those  of  the  standard  cell  under  the  SOFC  operation  mode  in 
Fig.  4(a).  The  measurements  were  performed  at  750  °C  with  hu¬ 
midified  H2  (3%  FI2O)  as  the  fuel  and  air  as  the  oxidant.  The  open 
circuit  voltages  (OCVs)  of  the  two  cells  are  very  close  to  the  theo¬ 
retical  value,  showing  that  the  electrolyte  and  sealing  were  leak- 
tight  during  testing.  The  maximum  power  density  is  1.05  W  cm-2 
for  the  standard  cell  and  1.62  W  cm-2  for  the  SSC-infiltrated  cell. 
The  power  density  at  0.7  V  is  0.86  W  cm-2  for  the  standard  cell  and 
1.39  W  cm-2  for  the  SSC-infiltrated  cell.  The  results  indicate  that 
the  performance  can  be  improved  by  more  than  60%  under  the 
practical  SOFC  operating  conditions  via  the  infiltration  of  the  SSC 
nano-catalysts  into  the  conventional  LSCF-GDC  air  electrode.  The 
same  cells  were  also  tested  in  both  SOFC  and  SOEC  modes  at  750  °C 
with  50%  H2O  in  H2  on  the  hydrogen  electrode  and  air  on  the  air 
electrode  (Fig.  4(b)).  The  amount  of  steam  supplied  to  the  hydrogen 
electrode  was  fixed  at  50%  because  we  previously  reported  that  this 
steam  content  is  optimal  for  Ni-YSZ  hydrogen  electrode  under  the 
practical  SOEC  operation  conditions  considering  both  performance 
and  stability;  steam  supply  is  insufficient  at  lower  steam  content, 
and  higher  steam  content  causes  the  local  oxidation  of  Ni  16].  The 
measured  OCVs  of  0.96  V  for  both  cells  are  in  excellent  agreement 
with  the  theoretical  value  for  the  given  operating  condition,  indi¬ 
cating  that  the  intended  amount  of  steam  was  properly  supplied  to 
the  hydrogen  electrode.  The  SSC-infiltrated  cell  shows  a  signifi¬ 
cantly  shallower  slope  in  the  I—V  curve  than  the  standard  cell  in 
both  SOFC  and  SOEC  modes,  indicating  the  reduced  cell  resistance 
due  to  the  SSC  infiltration.  In  SOEC  mode,  the  hydrogen  production 
rate  at  thermal  neutral  voltage  is  important  because  the 
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Fig.  4.  (a)  I-V  curves  and  corresponding  power  densities  of  the  standard  and  SSC- 
infiltrated  cells  measured  in  SOFC  mode  at  750  °C  with  humidified  hydrogen  (3% 
H20)  on  a  hydrogen  electrode  and  air  on  air  electrode,  and  (b)  I-V  curves  of  the 
standard  and  SSC-infiltrated  cells  measured  in  SOFC  and  SOEC  modes  at  750  °C  with 
humidified  hydrogen  (50%  H20)  on  a  hydrogen  electrode  and  an  air  on  air  electrode. 
Vtn  represents  thermal  neutral  voltage  for  steam  decomposition. 


endothermic  heat  of  steam  decomposition  is  compensated  by 
ohmic  heating  and  the  reaction  for  hydrogen  production  can  be 
sustained  without  an  external  heat  source  above  that  potential  17]. 
The  thermal  neutral  voltage  is  1.29  V  at  750  °C  [18],  at  which  the 
current  density  is  increased  from  0.9  to  1.8  A  cm-2  by  infiltration  of 
the  SSC  nano-catalysts,  which  corresponds  to  the  doubling  of  the 
H2  production  rate  from  3.7  to  7.4  Nm3  m-2  h-1  under  the  practical 
SOEC  operating  conditions. 

In  Fig.  5,  the  effect  of  the  SSC  infiltration  on  the  performance  of 
the  SORFC  is  systematically  analyzed  using  impedance  spectros¬ 
copy  performed  under  various  operating  conditions.  In  the  Nyquist 
plot  of  the  impedance  spectra,  the  high-frequency  intercept  cor¬ 
responds  to  the  ohmic  resistance  of  the  cell,  and  the  low-frequency 
intercept  represents  the  total  cell  resistance  including  the  ohmic 
resistance  and  electrode  polarization  resistance.  Therefore,  the 
electrode  polarization  resistance  can  be  obtained  by  subtracting  the 
high-frequency  intercept  from  the  low-frequency  intercept  19]. 
The  impedance  spectra  measured  at  OCV  in  Fig.  5(a)  show  that  SSC 
infiltration  slightly  lowers  the  ohmic  resistance  and  remarkably 
reduces  the  electrode  polarization  resistance.  It  is  considered  that 
the  slight  decrease  in  the  ohmic  resistance  with  SSC  infiltration 
results  from  the  local  network  of  the  SSC  nano-particles  formed  on 
the  surface  of  the  LSCF-GDC  electrode,  which  provides  additional 
conduction  paths  for  electric  current,  because  the  electrical  con¬ 
ductivity  of  SSC  (>1000  S  cm-1  at  800  °C  [8])  is  substantially  higher 
than  that  of  LSCF  (~300  S  cm'1  at  800  °C  [20]).  To  explain  the 
drastic  reduction  of  the  electrode  polarization  resistance  due  to  the 
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102— 103  Hz  and  1-10  Hz.  The  size  of  the  low-frequency  arc  (1  — 
10  Hz)  is  significantly  reduced  by  SSC  infiltration  while  the  high- 
frequency  arc  (102-103  Hz)  is  relatively  insensitive  to  the  modifi¬ 
cation  of  the  air  electrode.  Similar  trends  are  consistently  observed 
under  the  both  SOFC  (0.7  V)  and  SOEC  (1.2  V)  operating  conditions 
in  Fig.  5(b)  and  (c),  respectively.  Recently,  we  have  analyzed  the 
impedance  spectra  of  the  air/hydrogen  electrodes  separately  using 
the  half  cell  techniques  and  successfully  correlated  the  results  with 
the  full  cell  data  [5,16].  It  was  found  that  the  performance  of  the 
LSCF-GDC  air  electrode  is  governed  by  a  low-frequency  impedance 
(1-10  Hz),  which  is  associated  with  surface  chemical  exchange, 
while  a  small  contribution  of  the  ionic  diffusion  of  oxygen  appears 
at  a  higher  frequency  range  (102-103  Hz)  [5].  In  case  of  the  Ni-YSZ 
hydrogen  electrode,  the  major  impedance  arc  is  generated  by  gas- 
solid  interactions  at  102-103  Hz,  and  gas  phase  diffusion  across 
the  thick  substrate  can  produce  a  low-frequency  impedance  arc 
(1-10  Hz)  for  the  hydrogen  electrode-supported  configuration  [22]. 
These  findings  can  be  directly  applied  to  the  interpretation  of 
the  full  cell  impedance.  In  particular,  the  high-frequency  arc 
(102-103  Hz)  in  Fig.  5  is  dominated  by  the  gas-solid  interaction  at 
the  Ni-YSZ  hydrogen  electrode  because  the  contributions  of  the 
ionic  diffusion  of  oxygen  at  the  LSCF-GDC  air  electrode  is  relatively 
small  [5],  and  the  low-frequency  arc  (1-10  Hz)  contains  the  con¬ 
tributions  of  both  the  surface  chemical  exchange  at  the  LSCF-GDC 
air  electrode  and  gas  diffusion  across  the  Ni-YSZ  hydrogen  elec¬ 
trode  substrate.  Thus,  the  surface  chemical  exchange  is  suggested 
to  be  the  governing  reaction  for  the  LSCF-GDC  air  electrode,  which 
is  consistent  with  previous  observations  [23  ,  implying  that  incor¬ 
poration  of  the  SSC  nano-catalysts  can  effectively  improve  the 
electrode  performance  via  acceleration  of  the  rate  limiting  process 
and  suppression  of  the  low-frequency  impedance  arc  as  shown  in 
Fig.  5(a)— (c).  At  the  air  electrode,  oxygen  reduction  occurs  in  power 
generation  mode,  and  oxygen  gas  evolution  occurs  in  hydrogen 
production  mode.  Thus,  it  is  concluded  that  the  surface  chemical 
exchange  for  both  02  reduction  (Fig.  5(b))  and  02~  oxidation 
(Fig.  5(c))  can  be  remarkably  accelerated  by  the  incorporation  of 
SSC  nano-catalysts  in  the  porous  LSCF-GDC  air  electrode,  resulting 
in  a  substantial  improvement  of  SOFC  and  SOEC  performance.  In 
this  approach,  the  major  benefits  of  SSC  and  LSCF-GDC  in  catalytic 
activity  and  stability,  respectively,  can  be  utilized  simultaneously.  In 
addition,  the  infiltration  technique  developed  in  this  study  can  be 
readily  implemented  in  large-scale  production  via  well-developed 
and  cost-effective  solution  injection  techniques,  eventually  facili¬ 
tating  the  successful  development  and  deployment  of  SORFC 
technology. 

4.  Conclusions 


Fig.  5.  Impedance  spectra  of  the  standard  and  SSC-infiltrated  cells  measured  at  750  °C 
with  (a)  humidified  hydrogen  (3%  H20)  on  a  hydrogen  electrode  and  an  air  on  air 
electrode  at  the  OCV,  (b)  humidified  hydrogen  (3%  H20)  on  a  hydrogen  electrode  and 
air  on  an  air  electrode  at  0.7  V  in  SOFC  mode,  and  (c)  humidified  hydrogen  (50%  H20) 
on  a  hydrogen  electrode  and  air  on  an  air  electrode  at  1.2  V  in  SOEC  mode. 


SSC  infiltration,  it  is  necessary  to  understand  the  electrode  reaction 
kinetics  and  elementary  reaction  pathways  associated  with  the 
frequency  response  of  the  impedance  spectra.  It  is  known  that  the 
impedance  spectra  of  the  air  electrode  are  composed  of  a  number  of 
overlapping  depressed  arcs,  reflecting  physical  and/or  chemical 
processes  associated  with  the  electrode  reaction  [21].  Individual 
elementary  processes  exhibit  their  unique  characteristic  fre¬ 
quencies  and  different  responses  to  the  modification  of  the  elec¬ 
trode  materials  and  structure.  The  Bode  plot  in  the  insert  of  Fig.  5(a) 
clearly  shows  that  the  impedance  spectra  of  the  tested  cells  are 
composed  of  two  dominant  arcs  with  characteristic  frequencies  of 


Although  SSC  is  an  excellent  catalyst  and  electrode  material,  its 
practical  application  has  been  limited,  mainly  due  to  its  lack  of 
thermal  compatibility  with  other  cell  components.  In  this  study, 
these  inherent  limitations  are  successfully  overcome  by  incorpo¬ 
rating  SSC  nano-catalysts  into  the  conventional  LSCF-GDC  air 
electrode  scaffold.  An  infiltration  and  in-situ  crystallization  tech¬ 
nique  based  on  the  urea  decomposition  process  is  developed  to 
synthesize  SSC  nano-catalysts,  and  the  uniform  distribution  of 
extremely  fine  SSC  catalysts  is  achieved  by  homogeneous  nucle- 
ation.  The  remarkable  enhancement  of  the  surface  chemical  ex¬ 
change  rate  is  confirmed  by  impedance  analysis,  resulting  in  a 
significant  improvement  in  electrochemical  performance  in  both 
SOFC  and  SOEC  modes.  Further  improvement  is  expected  through 
the  optimization  of  materials  and  processing  parameters,  and 
eventually,  the  technique  developed  in  this  study  is  expected 
to  contribute  to  the  successful  commercialization  of  SORFC 
technology. 
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